Objective The purpose of this study is to investigate the potential for reducing dose to the scalp, parotid glands, and external auditory canals using intensity-modulated radiation therapy (IMRT) or volumetrically modulated arc therapy (VMAT) to deliver whole brain radiation therapy (WBRT). Methods Nine patients with brain metastases previously treated with standard opposed lateral (OL) WBRT were studied. Four new plans were created for each patient: (1) four-beam IMRT, (2) seven-beam IMRT, (3) 13-beam IMRT, and (4) VMAT (single arc technique). All plans were optimized to achieve equivalent planning target volume (PTV) coverage while minimizing dose to the scalp, parotid gland, and external ear. Each of the plans was then dosimetrically compared via multiple dose-volume histogram (DVH) parameters. Results All IMRT and VMAT plans significantly reduced dose to the scalp, ears, and parotid glands without increasing dose to other critical structures. Improved scalp sparing for low, intermediate, and high doses (V 5 , V 10 , V 20 , and V 30 ), was achieved with the 4-and 13-beam IMRT plans. The 7-field plan reduced intermediate and high scalp doses (V 10 , V 20 , and V 30 ) while only high doses (V 20 and V 30 ) were reduced with the VMAT plan. Depending on the DVH parameter, IMRT/VMAT reduced scalp dose between 10 % and 70 %, parotid gland dose by 3 % and 31 %, and external auditory canal dose by 2 % and 96 %. Conclusion IMRT or VMAT is able to reduce dose to the scalp, parotid glands, and external auditory canal without sacrificing PTV coverage when compared to a standard OL treatment plan. Such improvement is promising and may decrease non-cognitive WBRT toxicities (e.g., alopecia, xerostomia, otitis), which could improve quality of life for patients receiving WBRT. Future planning will attempt to reduce cochlear dose to avoid hearing loss but will likely require PTV modification.
Introduction
Brain metastases are ten times more common than intracranial tumors with an estimated incidence between 170,000 and 200,000 cases per year in the USA [1] . In fact, it is estimated that between 20 % and 30 % of cancer patients have intracranial spread of their disease at the time of death [2] . Median survival for patients treated with supportive care is between 1 and 2 months and, although metastatic disease can cause disruptions in the blood-brain barrier, systemic therapy is generally not effective for intracranial disease. Because of this, the most common treatment option for patients with three or more brain metastases is whole brain radiotherapy (WBRT), which has the potential of extending the median survival from 1 month to 4 months, or longer depending on the primary histology [3, 4] .
Although effective at decreasing the incidence of new intracranial disease and preventing death from a neurologic cause [5] , this treatment can create significant acute and chronic side effects, which may affect patient quality of life [6, 7] . Common side effects after WBRT include temporary and permanent alopecia, xerostomia, otitis, hearing loss, and neurocognitive decline. Specifically, Lawenda et al. noted a dose-response relationship for permanent alopecia after cranial irradiation [8] . In the past, many WBRT dose/fractionation schedules have been investigated, but none have shown superior survival or significant reduction of untoward side effects following treatment [8, 9] . Recently, there have been attempts to decrease hippocampal dose with the intent of decreasing and/or eliminating neurocognitive decline associated with WBRT [10, 11] . In the present study, we examine whether intensity-modulated (IMRT) or volumetricmodulated arc (VMAT) treatment planning techniques have the capacity to meaningfully reduce dose to the scalp, parotid glands, and external auditory canals without compromising planning tumor volume (PTV) coverage.
Methods
With approval from our institutional review board, we studied nine patients who had previously been diagnosed with brain metastases and were treated at our institution with standard, two-beam opposed lateral WBRT. Computed tomography (CT)-based treatment planning images were available for each of these patients, and these data sets were used to repeat the treatment planning process using intensity-modulated and volumetric-modulated arc techniques. Four new plans were created for each patient: (1) fourbeam IMRT (Fig. 1) , (2) seven-beam IMRT, (3) 13-beam IMRT, and (4) VMAT (single arc technique) and multiple normal tissue constraints were placed on identified organs at risk within the patient image sets ( Table 1) . The number and arrangement of beams were selected in order to provide homogeneous dose distribution to the PTV while also understanding clinical applicability of devised plans. Normal tissue structures were manually contoured by a single individual using Pinnacle 3 treatment planning software, version 8.1 s. These structures included the parotid glands, external ears, internal auditory canals, cochlea, eyes, lenses, optic nerves, brain (to the bottom of the medulla), skull, skin, and soft tissue of the scalp (defined as skin minus 0.5-cm depth). All four created plans were then compared to the original opposed lateral plan with respect to multiple normal tissue dose parameters. Normal tissue constraints were determined using the As Low As Reasonably Achievable principle. If normal tissue constraints (Table 1) were not able to be satisfied due to the fact that decreasing tissue dose would sacrifice PTV coverage, we ensured all critical structures received the same or lower dose than they did in the opposed lateral plan. IMRT plans included a mixture of coplanar and vertex beams set to avoid entry or exit through eyes, ears, and mouth, when possible ( Table 2 ). The PTV was defined as whole brain plus a 0.5-cm uniform 3D expansion. The prescribed dose was 37.5 Gy in 15 fractions; volumetrically for the IMRT and VMAT plans and to mid-plane for the opposed lateral plan. All plans were optimized to achieve equivalent uniform PTV coverage while maintaining an equal or lower dose to lenses, eyes, optic nerves, brainstem, internal auditory canals, and bilateral cochlea as compared to the opposed lateral technique. The IMRT cost function was adjusted manually in each case, as needed, to meet treatment planning objectives and weighted such that priority was given to PTV coverage followed by objectives to reduce dose to the scalp, parotid glands, and external auditory canals. Cochlear dose could not be reduced in this setting due to its inclusion/close proximity to the PTV (brain+ 0.5 cm). Once all of the new plans were complete, multiple dose-volume histogram (DVH) parameters for the PTV and organs at risk were compared for statistical and clinically meaningful reductions in dose and PTV coverage. Parameters assessed included mean dose, minimum dose, maximum dose, V 5 , V 10 , V 15 , V 20 , and V 30 for each region of interest.
Results
All intensity-modulated and volumetric-modulated arc plans for each of the nine patients reduced dose to the scalp, ears, and parotid glands without increasing dose to the lenses, eyes, optic nerves, brainstem, internal auditory canals, or bilateral cochlea ( Table 3 ). The mean parotid gland dose was reduced in all enhanced plans by at least 60 % with the greatest reduction being realized by the 13-field IMRT plan. Similarly, all IMRT/VMAT plans reduced the mean dose to the external auditory canal and pinna by at least 15 % with the lowest dose achieved to these structures observed in the 13-field IMRT plans (mean dose reduced by 41.5 %, bilaterally).
Regarding scalp dose, improved sparing was seen for low, intermediate (Table 4) . Compared with the OL technique, the four-field IMRT plan reduced the mean dose to the scalp the most (20.8 % reduction) followed by the 13-field (−19.8 %), seven-field (−13.8 %), and VMAT (−4.8 %). Depending on the DVH parameter, IMRT/VMAT reduced scalp dose by 10-70 %, external ear/auditory canal dose by 2-96 %, and parotid gland dose by 3-31 % (Fig. 2) .
Mean dose to the PTV increased with IMRT and VMAT treatment planning techniques. The mean PTV dose ranged from 39 to 40 Gy for IMRT/VMAT plans versus 38 Gy for OL plans, which represented a 2-5 % increase. The planning technique that increased the mean PTV dose the most was VMAT with an average increase in mean dose of 2.1 Gy or 5.5 %. The maximum dose to the PTV was moderately higher for IMRT/VMAT (46-50 Gy) as compared to the OL technique (42 Gy); however, hard-stop parameters were not put in place to absolutely control max PTV dose. The mean dose to the optic nerve, lens, and cochlea were 27, 3.6, and 33 Gy, respectively and similar across all plans. In addition, dose homogeneity of the PTV was maintained compared to the opposed lateral plans. Exceptions to improved dosimetric performance of the IMRT and VMAT plans were that VMAT increased the amount of low-dose radiation received by the scalp with an increase in V 5 of 30 % and a V 10 increase of 10 %. The mean dose to the lens was also increased with VMAT ( 
Discussion
In this study, we constructed three IMRT plans and a singlearc VMAT plan for each patient studied to meet three particular objectives: (1) deliver a homogeneous dose distribution to the PTV, (2) conformally reduce the dose delivered to the scalp, parotid glands, and external ears without sacrificing PTV coverage, and (3) ensure that other organs at risk did not receive more radiation dose than with traditional treatment planning using opposed lateral fields. Overall, we were able to accomplish these three objectives with each of the four plans that were created. As reported in the "Results" section of this paper, PTV coverage was maintained, and the mean dose to the PTV was improved with each of the advanced treatment planning techniques. We observed that particular beam arrangements and planning techniques were suited differently depending upon the parameter being examined. For example, the four-and 13-field IMRT plans reduced dose to the scalp in all dose ranges (V 5 , V 10 , V 20 , and V 30 ), while the seven-field IMRT plan performed better with high dose levels (V 20 and V 30 ) and the VMAT plan, although it would be superior in length of treatment time, increased projected delivery of low-dose radiation to the scalp. In future iterations of our volumetricmodulated arc planning technique for WBRT, we plan to use two arcs, rather than one, to allow a more even distribution of the dose and enable a decrease in the observed elevations of V 5 and V 10 doses to the scalp and mean dose to the lens (7.4 vs. 4.8 Gy) seen for VMAT in this study.
Regarding the process of treatment planning and delivery of these plans, additional time on the part of the physician, dosimetry, and radiation therapy staff will be required to plan and deliver these advanced treatment plans. Creation of additional normal tissue contours, generating a clinical target volume (CTV)/PTV, the logistics of inverse treatment planning (part of which could be, however, scripted to improve efficiency), and actual radiotherapy delivery if a multiple-beam IMRT treatment plan is selected can all increase the amount of time spent per case. With respect to the normal tissue constraints that were originally placed on the organs at risk (Table 1) , we found that it was extremely difficult to satisfy these parameters. We were, however, able to satisfy our original parotid gland, lens, and optic nerve constraints. It is possible that, with greater clinical experience using these techniques for WBRT, more achievable dose constraints and inverse planning parameters could be generated. Overall, the 13-beam IMRT plan had the largest dose reduction to those structures listed above. This is consistent with the fact that an increased number of beams promotes greater distribution of the dose and therefore has the potential to decrease the dose delivered to a particular structure. Of note, these dose reductions were accomplished without diminishing PTV coverage. These gains were not without sacrifice; however, in order to maintain PTV coverage and allow for a decrease in dose delivered to organs at risk, we had to permit an increased maximum dose delivered to the PTV. However, this increased maximum dose was delivered only to a small portion of the PTV and falls well below high-dose thresholds commonly used in the treatment of primary malignancies of the central nervous system or metastases using radiosurgery. Furthermore, because heterogeneity from IMRT may occur focally within the target volume, avoidance structures may be created for sensitive areas of the brain, including the hippocampus, with a limit for total dose included in the cost function for IMRT optimization. Final review of isodose distribution will be important with this treatment technique to ensure areas of maximum dose do not fall in unwanted regions of the brain.
Intensity-modulated treatment planning studies have been performed at other institutions primarily focusing on hippocampal avoidance [12] or dose reduction to the scalp [13] [14] [15] [16] , but to our knowledge, this is the first planning study that has combined several objectives into a single analysis. Our primary goal with testing this planning approach is to decrease dose delivery to surrounding normal tissue with the goal of decreasing or eliminating the noncognitive side effects of WBRT such as alopecia, xerostomia, and otitis. For scalp sparing IMRT, Roberge et al. reported a 53 % measured dose reduction to the scalp while maintaining improving coverage to the CTV using an intensity-modulated approach [13] . Limmer et al. showed a similar reduction of mean dose to the scalp with a mean dose of 15 Gy and D max of 25 Gy using tomotherapy [14] . Using a three-field technique to treat ten patients, Ting et al. were able to keep the mean scalp dose to 18.5 vs. 25 Gy for a conventional two-field plan and reported reduction in all volume-based dosimetric points (V 90 , V 80 , etc.) with only 50 % of the patients experiencing "mild" hair loss [16] . With regard to hippocampal avoidance, it has been shown that dose reduction to the hippocampus using IMRT is possible while still maintaining appropriate coverage to the remainder of the brain [12] . Because nearly all brain metastases occur outside and away from the hippocampus [17] , it is proposed that this region may be excluded in select cases of patients who present with no imaging evidence of metastasis near the hippocampus.
Concerns regarding the feasibility and/or potential use of IMRT or VMAT for the delivery of WBRT are primarily related to increased length of time required for treatment planning and delivery. With the increased number of beams and various couch angles required to deliver the radiation with four-, seven-, or 13-beam IMRT, treatment time would consequently increase. While increased length of treatment time was not specifically examined in our study, it is a very reasonable concern. We would propose that the potential application of IMRT/VMAT whole brain radiotherapy for brain metastases should be studied in a specific cohort of patients with longer than average anticipated life expectancy (either due to controlled systemic disease, favorable histology, and/or excellent performance status) [4, 18] . This could also include patients treated in a prophylactic setting such as those with limited-stage or treatment-responsive extensive stage small cell carcinoma of the lung [19, 20] . These patients would potentially have the longest length of time to benefit from reduced side effects from WBRT and could realize the most benefit in regard to enhanced quality of life. Although radiosurgery alone over combined treatment with WBRT has been shown to improve quality of life in at least one study [21] , timely stereotactic radiosurgery is not available in all areas while centers that could offer intensity-modulated whole brain radiotherapy may be more readily available.
A limitation of our analysis and planning technique is that we were not able to reduce dose to all structures responsible for acute and chronic toxicity. To this end, one additional parameter that our clinic plans to improve upon is the radiotherapy dose delivered to the cochlea. While our IMRT and VMAT plans produced similar results to the opposed lateral plans in regard to cochlear dose (i.e., the dose to the cochlea did not increase with these planning techniques), further reduction of the cochlear dose may reduce or avoid hearing loss in patients. At the time of this publication, we have planned two cases in which the cochlea and internal auditory canal volumes were subtracted from the PTV within our intensitymodulated whole brain treatment plans. With this modification, dose delivered to the bilateral cochlea was reduced but, as expected, PTV coverage was somewhat compromised. Verifying that a patient has no micrometastases to the pericochlear region of the brain may allow exclusion of a small rim of tissue near the internal auditory meatus and cochlear avoidance more safe and feasible. An additional future step would be to include hippocampal avoidance into our plans with the intent of reducing both neurocognitive and noncognitive side effects. Hippocampal avoidance alone is presently being studied as a phase II trial by the RTOG, and we await results from their investigation. Finally, a needed next step will be to implement an institutional prospective, randomized clinical trial to evaluate the translation of improved DVH parameters as to whether they correlate with actual decreased acute and chronic toxicity observed in the clinic.
Conclusion
Intensity-modulated and volumetrically modulated arc treatment planning are capable of sparing dose to the scalp, parotid glands, and external auditory canal while maintaining comparable PTV coverage when compared to the traditional opposed lateral treatment technique. Such improvement is promising and may decrease noncognitive WBRT toxicities such as alopecia, xerostomia, and otitis, which could lead to an improved quality of life for patients diagnosed with multiple metastases to the brain.
